Abstract. Cirrus clouds are composed of ice particles and are expected to form in the upper troposphere when highly dilute sulfate aerosols cool and become supersaturated with respect to ice. In the laboratory we have used Fourier transform infrared spectroscopy to monitor ice nucleation from sulfate particles for relevant compositions of sulfuric acid/water and ammonium sulfate/water aerosols. Measured freezing temperatures are presented as a function of aerosol composition, and results are compared to existing aerosol data. We find that sulfuric acid solution aerosol exhibits greater supercooling than ammonium sulfate solution aerosol of similar weight percent. Ice saturation ratios based on these measurements are also reported. We find that ammonium sulfate solution aerosol exhibits a relatively constam ice saturation of S-1.48 for ice nucleation from 232 to 222 K, while sulfuric acid solution aerosol shows an increase in ice saturation from S-1.53 to S-1.6 as temperature decreases from 220 K to 200 K. These high-saturation ratios imply selective nucleation of ice from sulfate aerosols.
It is thought that cirrus clouds form naturally in the upper troposphere when highly dilute sulfate aerosols cool and become supersaturated with respect to ice. These particles can then homogeneously nucleate ice to form cirrus particles. Bulk studies have been performed to study the formation of ice in binary sulfuric acid and water solutions [Gable et al., 1950; Ohtake, 1993; Zhang et al., 1993] . However, aerosol particles are known to supercool due to their small size. To determine formation conditions for cirrus particles it is thus essential to use appropriately sized particles for freezing measurements in the laboratory. Imre Koop et al. [ 1998] .
In addition to ice nucleation from binary H2804/H20, cirrus clouds may nucleate from ammonium sulfate aerosols. Recent measurements by Talbot et al. [1998] indicate that NH4 + is often present in upper tropospheric aerosol. Tabazadeh and Toon [1998] and Martin [1998] The experimental setup for measuring ice nucleation from H2SO4/H20 particles is shown schematically in Figure 1 . During the course of an experiment the aerosol passes through two temperature-controlled flow tubes, each cooled with methanol using Neslab circulating refrigerators. The first tube is used to set the composition of the aerosol and will be referred to as the conditioning region. For sulfuric acid experiments, the conditioning region is approximately 3.8 cm in diameter and 56 cm in length, providing a residence time of -11 s. The aerosol is monitored in the second tube using FTIR spectroscopy. This tube is referred to as the observation region. The observation region is approximately 2.5 cm in diameter and 63 cm in length, providing a residence time of in our laboratory, we determine that the atomizer produces '-'10 7 particles cm -3 with a mean droplet diameter of 0.3 gm and a geometric standard deviation of less than 2. The sulfuric acid particles pass over a sulfuric acid bath of desired concentration to add water to the particles, thus preconditioning the aerosol. The aerosol is then introduced into the flow tube system, where its final composition is reached in the conditioning region, and ice nucleation is measured in the observation region. In going from the atomizer to the observation region, the particles take up a significant amount of water, increasing the median diameter to 4).55 gm; the median size may even be slightly larger due to particle coagulation. However, the largest particles in the size distribution (> 4 gm) are expected to settle out of the aerosol flow prior to reaching the observation tube. Prior to introduction of the aerosol, the conditioning region is exposed to a counter flow of humidified nitrogen, coating the tube walls with ice. A simultaneous counter flow of dry nitrogen through the observation region ensures that only the conditioning region is coated with ice. By controlling the temperature of the ice-coated conditioning region, the water vapor pressure within this region is known. The aerosol is then sent through the conditioning region. If the aerosol is able to reach equilibrium with temperature and water vapor, the aerosol will have a well-defined composition, calculated using the Aerosol Inorganics Model (AIM) [Carslaw et 
Determining Composition
For our method of determining composition to be successful, two requirements must be met. First, the aerosol must reach equilibrium in the conditioning region, and second, the aerosol must retain this composition in the observation region. In an effort to meet these conditions, we conducted experiments with a high number density of particles, thereby increasing the amount of water in the condensed phase relative to that in the gas phase. This diminished the effect of the excess gas phase water condensing onto the aerosol at the point of the temperature drop. For sulfuric acid the ratio of condensed phase to gas phase water was between 10 and 30 in the conditioning region for all experiments. Because we did not quantify the size distribution for the ammonium sulfate aerosol, we cannot determine the amount of condensed phase water in these experiments, although we expect similar condensed phase to gas phase ratios. To determine if we attained these conditions, we ran sulfuric acid and ammonium sulfate aerosol through the flow tubes at various flow rates and monitored aerosol composition using FTIR spectroscopy. For these tests, the conditioning region was set to produce a solution aerosol of desired composition, and the observation region was set to -39øC. For H2SO4/H20 aerosol, flow tests were conducted for one high weight percent and one low weight percent composition. For (NH4)2804/H20 aerosol, flow tests were run prior to each ice nucleation experiment.
For both H2804/H20 and (NH4)2804/H20 we observed three flow regimes. 
Measuring Crystallization
After ensuring an accurate determination of aerosol composition, an aerosol infrared spectrum is taken at temperatures well above the freezing temperature, where no solids are present in the particles. The temperature of the observation region is then incrementally cooled, while the temperature of the conditioning region remains constant, and the phase of the aerosol is monitored using FTIR spectroscopy. Near the freezing point, the observation tube is cooled in -IøC increments until ice formation is observed.
Small spectroscopic changes can result when cooling the aerosol due to the temperature dependence of the optical constants [Niedziela et al., 1998 ]. However, no spectroscopic changes are observable when there are only small temperature changes (< 2øC) unless freezing is initiated. Spectral subtractions of the aerosol at similar temperatures therefore yield only noise unless freezing has begun.
When the aerosol reaches the freezing point for ice, several distinct changes occur in the infrared for H2SO4/H20 [Bertram et al., 1996] and for (NH4)2SO4/H20 aerosol [Cziczo and Abbatt, 1999] . For H2SO4/H20 the OH-stretching region, which has a maximum at-• 3300 cm -•, shifts to slightly lower frequencies, while the H20 stretch, centered near 800 cm '•, shifts to slightly higher frequencies. Similar shifts occur for 0NH4)2SO4/H20 aerosol. The temperature at which both of these noted spectral changes are first clearly visible in the infrared is used as the freezing point measurement. We estimate that approximately 5 -10% of the particle mass must freeze for this to be clearly visible in the infrared for our system. In Figure 3 , a 12 wt% ammonium sulfate solution aerosol is incrementally cooled from-39 øC to -45 øC. The spectra remain unchanged (curve a; overlaid) from -39 øC to -43 øC, indicating that the particles remain aqueous. The spectrum at -45øC (curve b) shows the aerosol after a significant amount of ice has formed. The spectrum at -44 øC, the onset of ice nucleation, has been omitted for clarity. In conjunction with ice formation the N-H stretch at 3050 cm-] also becomes more defined. It is unclear if this results from the simultaneous crystallization of (NH4)2SO 4 or from the enhanced concentration of the remaining droplets. In the Koop et al.
[1998] study, aerosols were produced with a nebulizer and deposited on a quartz plate. Freezing and melting were then monitored using an optical microscope, and the corresponding temperatures for these phase changes were recorded for more than 1200 individual particles. The curve in Figure 4 [1998] observed. In our case, however, this may result from the relatively large spread in our size distribution and the volume dependence of freezing. For the H2804/H20 system we did not conduct any systematic tests to determine the temperature at which freezing was complete, and so we are unable to provide a range of freezing temperatures for our range of particle sizes.
The freezing point data can be used to determine the humidity conditions necessary for ice formation in the atmosphere. The parameter most often used in cloud microphysical models is the temperature-dependent critical ice saturation ratio, S(T), defined as this size distribution and change the model parameters, we can determine the ice supersaturation necessary for 5% of our aerosol mass to freeze, with all of the nucleation occurring in the largest particles. The result of this calculation is shown in Figure 5 as a solid line. Clearly, this fits our data much better. Finally, we calculate S for 1% of the largest particles to freeze, shown as a dashed-dotted line in Figure 5 . The calculations for 1% and 100% of the largest particles to freeze bracket our measured ice saturation ratios. This indicates that the "onset" of freezing that we report is probably for the largest particles in our size distribution and that the additional freezing at lower temperatures is for the smaller particles in the distribution. The good fit also indicates that our data for freely floating aerosol is quantitatively consistent with that of Koop et al. [ 1998] for particles on a quartz plate. For several compositions the aerosol was cooled further in an effort to measure complete ice formation. For these experiments the aerosol was cooled in 1 øC increments, and additional ice formation was monitored. The temperature at which further cooling did not yield additional ice features in the infrared was chosen as the point at which the entire aerosol was frozen. These measurements yielded freezing temperatures that were 2ø-6øC colder than the freezing onset temperatures. This spread in data is consistent with that reported by Bertram et al. [2000] , in which the average temperature difference for 10% frozen relative to 90% frozen is 2.6 øC. The data for completely frozen aerosol are shown in Figure 6 
Conclusions and Atmospheric Implication
Ice nucleation temperatures have been measured in H2SO4/I-I20 and (NH4)2SO4/H20 aerosol. We measure freezing temperatures of 220 K to 200 K for H2SO4/H20 aerosol with compositions of 16 to 24 weight percent, respectively. This corresponds to an equilibrium ice saturation ratio of approximately S = 1.53 to S = 1.6 over this same temperature range. This agrees well with field data of ice saturation measured near the leading edge of a wave cloud [Jensen et al., 1998 ], which reports S = 1.6 at 209 K. For (NH4)2SO4/H20 aerosol, freezing temperatures of 232 K to 219 K are measured for aerosol with compositions of 4 to 39 weight percent, respectively. Equilibrium ice saturation for ammonium sulfate aerosol yielded a more constant value of approximately S = 1.48 over this temperature range.
The high values of ice saturation for both sulfuric acid and ammonium sulfate solutions indicate that high humidities and/or low temperatures must be experienced for ice nucleation in the atmosphere. Because of the high ice saturation necessary for homogenous nucleation, cirrus particles may form by an alternative pathway. Our data suggest that the saturation ratio increases as temperature decreases in the temperature range studied, from approximately 1.53 at 220 K to 1.6 at 200 K. This agrees in form with the data reported by Koop et al. [ 1998] ; however, in their paper the saturation ratios reported were somewhat higher. While we have only measured nucleation down to 200 K, we assume, based on the trend for both the data and the model, that S will continue to increase as temperature decreases. Further, we expect that S will exceed 1.6 below 200 K for submicrometer aerosol. The high values of S required for ice formation has implications for cloud formation. If ice polar stratospheric clouds were to form from sulfuric acid solution aerosol, these data suggest that large ice saturations would be required, consistent with observations of 3ø-4øC supercooling for ice PSCs. 
